Abstract Natural killer (NK) cells are thought to play a key role in the successful establishment of a pregnancy by facilitating immunological adaptation of the semi-allogeneic developing embryo. The aim of this study was to explore the cell number, immunophenotypic characteristics, and activities of peripheral blood NK cells in women with repeated implantation failure (RIF). Peripheral blood was obtained from 27 women with RIF and 11 healthy, fertile controls during the middle luteal phase of the menstrual cycle. CD3 -CD56 þ NK cells were quantified and analyzed by flow cytometry for the expression of cytolytic molecules (granzyme B, granulysin, and perforin) as well as cell surface receptors responsible for NK cell activation or inhibition (NKG2D, NKp30, NKp46, CD158a, CD158b). NK cytotoxicity was measured at three effector-to-target cell ratios. Women with RIF and fertile controls did not differ significantly in the percentage of circulating CD3 À CD56 þ NK cells, or in the proportions of these cells that expressed granzyme B, granulysin, or perforin. The two groups also did not differ significantly in the proportions of NK cells expressing the receptors NKG2D, NKp30, NKp46, CD158a or CD158b. General linear model analysis showed that NK cytotoxicity increased with effector-to-target cell ratio. However, NK cytotoxicity did * Corresponding author. Fax: þ86 023 63693503.
Introduction
Infertility is an increasing social and medical problem that affects about 10% of child-bearing couples. 1 Although assisted reproductive technology is effective for many infertile couples, there are still many patients who failed to conceive after several cycles of in vitro fertilization treatments (IVF). These patients are defined as having experienced repeated implantation failure (RIF). 2 During implantation, recognition of the semi-allogeneic fetus by the maternal immune system is crucial for successful placentation and maintenance of normal pregnancy. NK cells constitute 5e10% of peripheral blood lymphocytes, and the main population of peripheral blood NK cells are CD56 dim CD16
þ . 3 One study suggested that the number and/ or activity of peripheral blood NK cells may be elevated in women with RIF, 4 suggesting that these parameters may be predictors of pregnancy loss. Similarly, another study showed increased NK cell cytotoxicity in women with a chromosomally normal pregnancy who miscarried. 5 On the other hand, several studies have reported no significant difference in peripheral blood NK cell cytotoxicity between women with recurrent miscarriage or infertility and healthy controls, 6e8 leading to the suggestion that elevated peripheral blood NK cell cytotoxicity may not be associated with pregnancy outcome. 9 The role of peripheral blood NK cells during pregnancy remains controversial and further research is needed.
When an NK cell encounter with a target cell, they will release cytolytic granules containing granzymes, granulysin, and perforin to clear the target cell. In the first, positively charged granulysin can bind to a negatively charged cell membrane, leading to membrane damage. 10 Granulysin exerts potent cytotoxic activity against a broad panel of microbial targets, tumor cells, 11 and transplant cells. 12 In the second pathway, perforin, a poreforming protein, can bind to the target cell's membrane and contribute to the complement-mediated membrane attack complex. This allows granzymes to enter the cell and induce apoptosis by activating caspases. 13 Slight elevation of perforin-positive uterine NK cells has been reported in human sporadic miscarriage.
14 Whether levels of granulysin, perforin, or granzymes in peripheral blood NK cells are altered in women with RIF is unknown.
NK cytotoxicity against target cells is regulated by stimulatory and inhibitory receptors. Natural cytotoxicity receptors, which include NKp30, NKp44, and NKp46, activate and regulate NK cell cytotoxicity and cytokine production. 15 The lectin-type NK cell receptor NKG2D also plays an important role in regulating NK cytotoxicity. 16, 17 Inhibitory receptors such as CD158a and CD158b can inhibit activating signals through their immunoreceptor tyrosine-based inhibitory motifs. 18 Little is known about the expression of stimulatory and inhibitory receptors on peripheral NK cells in women with RIF.
In this study, we aimed to analyze potential associations of RIF with the number and cytotoxicity of peripheral NK cells as well as the levels of cytotoxic molecules and NK receptors.
Materials and methods

Study population
The study was designed as a retrospective case-control study. Women who visited the Fertility Center of Shenzhen Zhongshan Urology Hospital from January 2016 to April 2017 were enrolled. The RIF group was composed of 27 women who experienced three or more IVF failures after transfer of at least one high-quality embryo per cycle. 2, 19 A total of 11 healthy, fertile women who experienced at least one successful pregnancy were recruited to provide control samples.
A patient was excluded if she had (1) an abnormal chromosome karyotype; (2) a positive result on tests for human immunodeficiency virus, hepatitis B virus, hepatitis C virus, rapid plasma regain, Treponema pallidum particle assay, toxoplasma, rubella virus, cytomegalovirus, or herpes virus; (3) abnormal findings on ultrasonography and hysterosalpingogram/hysteroscopy; (4) abnormal basal levels of follicle-stimulating hormone, luteinizing hormone, estradiol, prolactin, or testosterone; or (5) male factor infertility. No patient was pregnant or on prescribed medication at the time of sample collection.
This study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics Committee of Shenzhen Zhongshan Urology Hospital. All participants gave their informed consent for inclusion before they participated in the study.
Materials
K562 cells (China Center for Type Culture Collection, Wuhan, China) were used as target cells in the NK cytotoxicity assay. K562 cells were cultured in RPMI 1640 (Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan, UT, USA). 3,3
0 -Dioctadecyloxacarbocyanine perchlorate (DIO) (1911717; Invitrogen, San Diego, CA, USA) was dissolved in dimethyl sulfoxide (Sigma, St. Louis, MO, USA) to a concentration of 3 mM. Propidium iodide (PI; MKCB0899V; Sigma) was used to detect apoptosis.
Flow cytometry to identify NK cells and subpopulations expressing certain markers and effector molecules was performed using the following fluorophore-conjugated monoclonal mouse anti-human antibodies: PerCPconjugated anti-CD3 (347344; BD Pharmingen, San Jose, CA, USA), PE-cy7-conjugated anti-CD56 (557747; BD Pharmingen), PE-conjugated anti-NKp30 (12e3379; eBioscience ThermoFisher, Waltham, MA, USA), APC-conjugated antiNKp46 (17e3359; BD Pharmingen), FITC-conjugated anti-NKG2D (11e5878; eBioscience), FITC-conjugated antiCD158a (556062; BD Pharmingen), PE-conjugated antiCD158b (559785; BD Pharmingen), PE-conjugated antigranzyme B (561142; BD Pharmingen), Alexa Fluor 647-conjugated anti-perforin (563576; BD Pharmingen), and Alexa Fluor 488-conjugated anti-granulysin (558254; BD Pharmingen).
Flow cytometric analysis of cytotoxic granules of NK cells
Heparinized whole blood was collected before 10 a.m. during the mid-luteal period of the menstrual cycle. Whole blood (100 mL) was incubated for 15 min with antibodies against the cell surface markers CD3 (5 mL) and CD56 (5 mL), then the blood was lysed using 1x FACS lysis solution (349202; BD Pharmingen). Cells were permeabilized with 1x Permeabilizing Solution 2 (340973; BD Pharmingen) for 10 min, then incubated for 30 min with antibodies against perforin, granzyme B and granulysin (10 mL each). Cells were analyzed on BD FACSCanto II flow cytometer using BD FACSDiva software.
Flow cytometric analysis of NK cell receptors
To assess surface expression of stimulatory NK cell receptors, an aliquot of whole blood (100 mL) collected as in section 2.3 was mixed with antibodies against CD3 (5 mL), CD56 (5 mL), NKp30 (10 mL), NKp46 (10 mL), and NKG2D (10 mL). To assess surface expression of inhibitory NK cell receptors, another blood aliquot was mixed with antibodies against CD3 (5 mL), CD56 (5 mL), CD158a (10 mL), and CD158b (10 mL). After 15-min incubation with the antibodies in the dark, the whole blood was lysed using 1ÂFACS lysis solution, then cells were analyzed on BD FACSCanto II flow cytometer using BD FACSDiva software.
NK cell cytotoxicity assay
NK cell cytotoxicity was measured as described. 20 Briefly, peripheral blood mononuclear cells (PBMCs) as effector cells (E) were isolated by density gradient centrifugation using Ficoll-Paque Lymphoprep (Axis-Shield PoC As, Oslo, Norway). The target cells (T) were K562 leukemia cells, which were obtained from China Center for Type Culture Collection, Wuhan, China (GDC037), washed in phosphatebuffered saline (PBS) and stained with DIO. PBMCs and K562 cells were incubated at various E:T ratios in triplicate in 96-well Costar plates (Corning Incorporated, Corning, NY, USA) for 4 h at 37 C and 5% CO 2 . After incubation, PI was added to each well to assess K562 cell viability. NK cytotoxicity was analyzed by flow cytometry and calculated as the percentage of K562 cells that were dead.
Statistical analysis
Statistical analysis was performed using SPSS 20.0 (IBM, Chicago, IL, USA). A Kolmogorov-Smimov test was used to confirm the normal distribution of the data. Data were presented as mean AE SD or mean AE SE in the case of normally distributed data, or as median with quartiles in the case of skewed data. Inter-group differences in characteristics were examined using the independent t test in the case of normally distributed data, or the Mann-Whitney U test in the case of skewed data. Differences in NK cytotoxicity between the two groups at three E:T ratios were analyzed using a general linear model. Differences were analyzed using a Sphericity Assumed test when Mauchly's test of sphericity was associated with P > 0.05, or Pillai's Trace test when Mauchly's test was associated with P 0.05. A two-tailed P < 0.05 was considered statistically significant.
Results
Expression of cytotoxic granules in peripheral blood NK cells
The total number of NK cells in peripheral blood and their expression of cytotoxic granules were investigated in the RIF and the fertile control groups. The two groups did not differ significantly in the percentage of circulating CD3 À CD56 þ NK cells (14.0% AE 7.1% vs 13.4% AE 7.6%, P Z 0.82; Fig. 1A and B) or in the levels of cytotoxic granzyme B (70.6% AE 17.4% vs 68.3% AE 11.6%, P Z 0.68), granulysin (64.7% AE 17.3% vs 66.1% AE 11.4%, P Z 0.82), or perforin (61.4% AE 16.8% vs 62.3% AE 13.8%, P Z 0.87) (Fig. 1CeF) .
Expression of stimulatory and inhibitory receptors on peripheral blood NK cells
Women with RIF did not differ significantly from fertile controls in levels of NKG2D (61.7% AE 16.6% vs 67.9% AE 12.6%, P Z 0.27), NKp30 (50.6% AE 16.1% vs 45.3% AE 16.5%, P Z 0.37), or NKp46 (54.2% AE 16.4% vs 53.6% AE 16.4%, P Z 0.92) (Fig. 2) , or in the levels of CD158a (35.7% AE 14.3% vs 42.8% AE 21.2%, P Z 0.23) or CD158b (37.7% AE 16.8% vs 36.8% AE 18.9%, P Z 0.89) (Fig. 3) .
NK cytotoxicity assay
The general linear model showed that NK cytotoxicity increased with E:T ratio (P < 0.001) (Fig. 4) 
Discussion
NK cells have been implicated in female reproductive performance. They have been associated with recurrent miscarriage or infertility due to either NK cell cytotoxicity or receptor expression. 21 In the present study, we investigated the number, immunophenotypic characteristics, and cytotoxic capabilities of peripheral blood NK cells in women with RIF. Surprisingly, the data presented here suggest that RIF is not associated with significant alterations in the number of CD3 À CD56 þ NK cells; in the levels of granzyme B, granulysin, or perforin; in the expression of stimulatory or inhibitory receptors on NK cells; or NK cytotoxicity. These results provide evidence that peripheral blood NK cells may not be a clinically useful biomarker of immunological dysfunction in women with RIF.
During implantation, the embryo attaches to the luminal surface of the endometrium, then it migrates and invades in order to embed deeper in uterine tissue. 22 The temporal and spatial distribution of uterine NK cells indicate that they play a key role in regulating trophoblast invasion in human pregnancy. In contrast, a potential contribution of peripheral blood NK cells to pathophysiology during pregnancy, such as in RIF, is still under debate. Several studies suggest that elevated peripheral blood NK cell number and/or their dysregulated function may contribute to RIF. 23, 24 However, we failed to find any significant difference in the phenotypes or function of peripheral blood NK cells between women with RIF and fertile controls. Our findings are in agreement with previous work showing that peripheral blood NK cells are not related to recurrent failed IVF treatments, and may have no predictive value for pregnancy outcome. fertile controls and women with RIF. Data are mean AE SD. Groups were compared using the independent t test.
We did not observe differences in the expression of NK cytotoxic granules or NK surface receptors between women with RIF and fertile controls, but there are other pathways by which NK cells kill infected or transformed cells. For example, they can kill cells via pathways involving death receptors such as Fas and TRAIL. 25, 26 Future work should examine the possibility that peripheral blood NK cells cause cytotoxicity by this or other pathways in women with RIF.
Against the tenets of transplantation immunology, the fetus, which is an allograft, survives in the maternal body during pregnancy. There is no direct contact between the mother and embryo; instead, the mother interacts only with the extraembryonic placenta after it implants in the uterus. 27 During early pregnancy, including embryo implantation, immune tolerance is required, especially in the uterus to avoid rejection of the allogeneic embryo. 28 As the most abundant immune cells, NK cells play an essential role in mediating local immunotolerance in uterine tissue. 29 Uterine NK cells are believed to differentiate and proliferate from resident CD34 þ hematopoietic stem cells, 30 or to be recruited from peripheral blood and "re-programmed" to take on uterine phenotypes. 31 Future work should pay more attention to the potential influence of uterine NK cells on embryo implantation and pregnancy outcomes, including RIF.
Our results should be interpreted with caution given several limitations. One is the retrospective nature of the study, and another is that we did not take into account several factors that can affect peripheral blood NK cell levels and their function, including stress, 32 exercise, 33, 34 Groups were compared using the independent t test. menstrual period, 35 and age. 36 Although we excluded patients with conditions known to affect peripheral blood NK cells, it is possible that individuals may have had undetected autoimmune disease or infection that affected our results. Future investigations of peripheral blood NK cells and RIF should avoid these limitations.
In conclusion, the present study found that women with RIF and fertile controls did not differ significantly in the number of peripheral blood NK cells, their levels of cytotoxic granules or surface receptors, or their cytotoxicity. These findings suggest that RIF may not depend on the cytotoxic activity of peripheral blood NK cells. Larger prospective studies are needed to confirm and extend our results. 
